New high-efficiency source of photon pairs for engineering quantum entanglement 
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We have constructed an efficient source of photon pairs us- 
ing a waveguide-type nonlinear device and performed a two- 
photon interference experiment with an unbalanced Michel- 
son interferometer. Parametric down-converted photons from 
the nonlinear device are detected by two detectors located at 
the output ports of the interferometer. Because the inter- 
ferometer is constructed with two optical paths of different 
length, photons from the shorter path arrive at the detector 
earlier than those from the longer path. We find that the 
difference of arrival time and the time window of the coinci- 
dence counter are important parameters which determine the 
boundary between the classical and quantum regime. When 
the time window of the coincidence counter is smaller than 
the arrival time difference, fringes of high visibility (80± 10%) 
were observed. This result is only explained by quantum the- 
ory and is clear evidence for quantum entanglement of the 
interferometer's optical paths. 



Two-photon entanglement has attracted considerable 
interest for studying the nonlocal correlations of quantum 
theory Q-Q] , and many experiments have been performed 
The contradiction of local realism can be real- 
ized more clearly with multi-photon entanglement sys- 
tems JTo) ] , which have been demonstrated experimentally 
in recent years JTT1 - We can expect these systems to be 
used for novel applications such as quantum cryptogra- 
phy and quantum teleportation [fl3|| . 

Multi-photon entanglement systems can be generated 
by parametric down-conversion. Since the probability 
of generating multi-photon entangled systems decreases 
exponentially with the number of entangled photons, it 
becomes more difficult to conduct experiments with a 
large number of entangled photons 14|. One of the can- 
didates for solving this difficulty is to make the ultra- 
bright source of polarization-entangled photons proposed 
by Kwiat et al. fl5|| . The source is superior to other 
sources because nearly every pair of photons is polar- 
ization entangled. Since the total number of generated 
photon pairs is limited by the nonlinear susceptibility 
and phase matching condition of a nonlinear crystal, a 
remarkable increase in the number of photon pairs can 
not be expected if one uses bulk crystals. This is to be 
compared to the drastic improvement of the efficiency to 
generate photon pairs we present. Our method uses a 
waveguide type nonlinear device originally developed for 
type-I quasi-phase-matching frequency doubling. Using 
the newly developed source of photon pairs, we then per- 



form a two-photon interference experiment and show that 
photon pairs are in the entangled state for interferome- 
ter's optical paths. Parametric down-converted photons 
from the nonlinear device are detected by two detectors 
located at the output ports of the interferometer. Be- 
cause this interferometer is constructed with two optical 
paths of different length, photons from the shorter path 
arrive at the detector earlier than those from the longer 
path. When the time window of the coincidence counter 
is larger than the arrival time difference, in other words 
when one can not distinguish the optical paths, the wave 
function that causes the coincidence is the superposition 
of all possible state. We define the states to be; ^(S, S), 
ip(L,L), ip(S,L), and ip(L,S), where ip(S,S) (ip(L,L)) 
corresponds to the photons both passing along the longer 
(shorter) path and fp(S, L) and ip(L, S) corresponds to 
one photon passing along the longer path and another 
passing along the shorter path of the interferometer. On 
the other hand, when the time window of coincidence 
counter is smaller than the arrival time difference, the 
wave function is the superposition of ip(S, S) and ip(L, L), 
i.e. the entanglement of optical paths. Quantum theory 
predicts that the state of entangled optical paths should 
have high visibility two-photon interference fringes with 
contrasts over 50%. We have observed a maximum vis- 
ibility of 80 ± 10% in the experiment, a clear evidence 
for entanglement. 

The schematic of our experimental setup is shown in 
Fig. [I]. Photon pairs generated by parametric down- 
conversion are injected collincarly into one input port 
of an unbalanced Michelson interferometer which is con- 
structed with optical paths S and L. The coincidence 
measurement between the two outputs of the interfer- 
ometer shows two-photon interference. The two-photon 
state in the process of spontaneous parametric down- 
conversion is described as 

\i/ii) = J dki J dk 2 S(k p -ki- k 2 ) | fci)<g> | k 2 ), 

(1) 

where k\, k 2 , and k p are signal, idler, and pump wave 
number, respectively. The <5 function comes from the per- 
fect phase-matching condition of the parametric down- 
conversion, $(fc) is the wave-packet distribution function, 
and its width Ak determines the coherence length of the 
down-conversion field as i co h = 1/Ak. Here the optical- 
path difference AL = L — S satisfies the condition 



AL » 4 



(2) 
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So that single-photon interference effects are negligible. 
After passing through the interferometer, the two-photon 
state becomes 

| V/) = J dkx J dk 2 S(k p - fci - k 2 ) $(fci) | k A )& | k B ), 

(3) 

where | k A ) and | fcg) represent photon states at detec- 
tors .Dyt and Ds. These states are described by 

k A ) = ~ [| *is>+ | k 1L }+ | fc 2S )+ | k 2L }}, (4a) 
I *b> = \ [| fcis)- I fciL>+ | fc 2S >- | fcai)], (4b) 



where | k n i) =| k n )e lknl . Substituting ( }4a| ) and (4b) into 
(0), we obtain 



f 



dki / dfc 2 <J(fc P — ki — k 2 ) ^(fci) x 



fcis) I fc 2 s)+ I fc 2 5) I fcis)- I k 1L ) | fc 2L }- | k 2L ) | Ai L ) 
feis) I k 2L )- | fc 2S ) | fciL}+ | k lL ) | fc 2S }+ | k 2L ) | fc ls }]. 



i?i tx (1 + cosfciAL) ~ 1, 
R 2 oc (1 — cosk 2 AL) ~ 1, 
i? c oc ((1 + cosfciAL)(l - cosfc 2 AL)} 
1 . . . 



1 cos LAL. 

2 p 



(9) 



Both quantum (|^) and classical (|^) models predict 50% 
visibility. 

On the other hand, when the time window of coinci- 
dence counter AT is small enough to distinguish each 
photon of the pair coming from different paths 



AT < AL/c, 



(10) 



the last four terms of @ are not be registered by the 
coincidence counter. In this case, the wave function that 
causes the coincidence becomes 

ijj f ) = i@ J dki J dk 2 S(k p - ki - k 2 ) x 
[| k ls ) | k 2S )+ | k 2S ) | k ls }- | k 1L ) | k 2L )- | k 2L ) | k 1L }}. 



(11) 



For example, | k 13 ) \ k 2 s) and | k 2S ) \ k is ) in (||) cor- 
respond to the photons which have followed the (S, S) 
path in the interferometers. The coincidence rate can be 
estimated to be R c = R c o(ipf \ipf), 

R c = J dk x | | 2 
x [1 — - cosk p AL — i cos(fc p — 2fci)AL], 

(6) 

when 

AT > AL/c, (7) 

where AT is the time window of coincidence counter. Be- 
cause AL is greater than the first-order coherence length 
of the wave packets, the last term in (g) will vanish and 
we have, 

i? c ~ Jdh | $(fc x ) | 2 [1 - -cosfcpAZ]. 

(8) 

A similar result can be derived from a classical model. 
The wave number k\ and k 2 are classical random vari- 
ables which are subject to the constraint that k p — 
k\ + k 2 , where k p is a nonrandom variable. 



Here the quantum theoretical calculation predicts the 
coincidence rate to be 

R c = J dki | $(fci) | 2 [1 -cosfc p AL], 

(12) 

and we expect fringes with 100% visibility. Two-photon 
interference fringes with over 50% visibility can never be 
explained with classical models ||[)| . 

Under a quasi-monochromatic wave model k ~ k\ ~ 
fc 2 , ( p"l| ) becomes 

I ^entangle) = \ j dk ^ k P ~ 2fc ) 

x [| fcs) | for)- | k L ) I (13) 

This means that two-photon interference with over 50% 
visibility reflects the two-photon entangled state of the 
interferometer's optical paths. 

In the experimental arrangement, we utilize two waveg- 
uide type nonlinear devices fabricated on a 1-cm-long 
LiNbC>3 substrate, one for frequency doubling and an- 
other for generating photon pairs. A CW laser beam 
(854 nm, 10 mW) from a distributed Bragg reflector 
(DBR) laser diode (SDL-5702-H1) is converted to violet 
light (427 nm) by type-I quasi-phase-matching second- 
harmonic-generation (SHG). Due to the high conversion 
efficiency over 1 %, we can obtain more than 0.1 mW 
of violet light fll(| . After passing through a pellin broca 
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prism and a blue filter (BF), the violet light is sent to the 
second device and conjugated photon pairs around 854 
nm wavelength are generated in the process of sponta- 
neous parametric down-conversion (PDC). We estimate 
that 10 5 - s^ 1 photon pairs are generated with this weak 
violet light when we take into account the detection effi- 
ciency. A low pass filter (LPF) and dichroic mirrors are 
used to separate out the violet beam. 

The collinear signal and idler photon pairs are in- 
jected into an input port of Michelson interferometer 
composed of a 50%-50% non-polarized beam splitter (BS) 
and retroreflectors. The optical-path difference of the in- 
terferometer is arranged about 55-cm to satisfy (0), and 
can be moved by piezoelectric ceramic actuator (PZT). 
Two beams from the output ports of the interferometer 
are fed into single photon detectors Da and Z?s(EG&G 
SPCM-AQR14). One signal is used for the start signal 
of a time to amplitude converter (TAC) and the other is 
used for the stop signal after it passes through an elec- 
trical delay line. We record the pulse height distribution 
with a multi-channel analyzer (MCA) for 10 s, under 
computer control (PC). 

An example of a pulse height distribution obtained 
with this interferometer is shown in Fig. ^| There are 
three distinct peaks in the figure and they correspond 
to photon pairs coming through (L,S), {S,S) or (L,L), 
and (S,L) optical paths from left to right, respectively. 
Because we record the time interval distribution of coin- 
cidence counts, we can analyze two-photon interference 
visibility with delayed choice of the coincidence time win- 
dow. In the case where we are summing up all of three 
peaks, i.e., AT = 5 ns and the experimental condition 
satisfies (0), the visibility of observed fringes should be 
less than 50% (classical regime). Fig. || shows coinci- 
dence count rates as a function of the optical-path differ- 
ence AT, while the single count rate is almost constant: 
10000 ± 500 s _1 . The observed interference visibility of 
41 ± 10 % is explained by the classical theory. On the 
other hand, when we sum up only central peak from the 
same records, i.e., AT = 1 ns and this condition satis- 
fies (|Io|), the visibility of observed fringes could be more 
than 50% (quantum regime). The results are shown in 
Fig. |J. The observed visibility is quite high, 80 ± 10 %. 
Because the visibility is over 50 %, these results can only 
be explained by quantum theory, thus proving that the 
two-photon optical-path entangled state was created. 

We have constructed an efficient source of photon pairs 
using a waveguide-type nonlinear device. The efficiency 
of parametric down-conversion is at the same level of 
that is obtained by bulk nonlinear crystals with about 
a thousand time greater pump beam [pi. We performed 
a two-photon interference experiment with the source of 
photon pairs and an unbalanced Michelson interferom- 
eter. When we sum up the region where AT > AL/c 
of the record measured by a TAC, the fringe visibility is 
smaller than 50%, which can be explained by a classical 
model. On the other hand, when we sum up only the re- 
gion of AT < AL/c from the same records, the observed 



visibility is 80 ± 10 % and clearly exceeds the classical 
prediction (50%). These results can only be explained by 
quantum theory, and clear evidence for quantum entan- 
glement of the interferometer's optical paths. 

We can also construct an efficient source of polariza- 
tion entangled photon pairs using two waveguide type 
nonlinear devices p"5| . The high efficiency of this source 
can be used for experiments that require a lot of pho- 
ton pairs (quantum cryptography and quantum telepor- 
tation), and makes it possible to more efficiently generate 
multi-photon entanglement which should lead to progress 
in quantum information technology. 
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FIG. 1. Schematic of the two-photon interference experi- 
ment in an unbalanced Michelson interferometer. The path 
difference is set large enough such that the single-photon in- 
terference effect is nearly equal to zero. 

FIG. 2. Measured time difference distributions for opti- 
cal-path difference of the interferometer. 

FIG. 3. Second-order interference fringes with 5-ns coinci- 
dence time window. (IV = 46 ± 8 nm) 



FIG. 4. Second-order interference fringes with 1-ns coinci- 
dence time window. (IV = 46 ± 8 nm) 
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